Actin is the most abundant protein in eukaryotic cells, but its release from cells into blood vessels can be lethal, being associated with clinical situations including hepatic necrosis and septic shock. A homeostatic mechanism, termed the actin-scavenger system, is responsible for the depolymerization and removal of actin from the circulation. During the first phase of this mechanism, gelsolin severs the actin filaments. In the second phase, the vitamin Dbinding protein (DBP) traps the actin monomers, which accelerates their clearance. We have determined the crystal structures of DBP by itself and complexed with actin to 2.1 Å resolution. Similar to its homologue serum albumin, DBP consists of three related domains. Yet, in DBP a strikingly different organization of the domains gives rise to a large actin-binding cavity. After complex formation the three domains of DBP move slightly to ''clamp'' onto actin subdomain 3 and to a lesser extent subdomain 1. Contacts between actin and DBP throughout their extensive 3,454-Å 2 intermolecular interface involve a mixture of hydrophobic, electrostatic, and solventmediated interactions. The area of actin covered by DBP within the complex approximately equals the sum of those covered by gelsolin and profilin. Moreover, certain interactions of DBP with actin mirror those observed in the actin-gelsolin complex, which may explain how DBP can compete effectively with gelsolin for actin binding. Formation of the strong actin-DBP complex proceeds with limited conformational changes to both proteins, demonstrating how DBP has evolved to become an effective actin-scavenger protein.
A ctin is one of the most abundant and highly conserved proteins in eukaryotic cells, being involved in numerous functions including cell motility, control of cell shape, and muscle contraction (1, 2) . Central to these functions is the ability of actin to assemble into polymers at physiological salt concentrations. However, this property of actin can lead to lethal consequences when actin is released from the cells to form filaments in the bloodstream under conditions involving cell death or tissue injury. The release of actin is associated with a variety of clinical situations including hepatic necrosis, septic shock, the adult respiratory distress syndrome, and certain disorders of pregnancy (3, 4) . In animal experiments, rats given large amounts of actin through i.v. injection die rapidly and show evidence of pulmonary venous obstruction by actin filaments, pulmonary microthrombi, and endothelial injury (5) .
A homeostatic mechanism, termed the actin-scavenger system, is responsible for the rapid depolymerization and clearance of actin filaments from the bloodstream (3) (4) (5) . This system involves the concerted action of gelsolin and the vitamin Dbinding protein (DBP), the latter also known as group-specific component (Gc). During the first phase of the scavenger process, severing of the actin filaments results from the binding of gelsolin to the barbed ends of the filaments, which is followed by a second phase during which actin monomers are trapped by DBP into high affinity 1:1 complexes (6-8) (K d ϭ 10 Ϫ9 M). Clearance of such a complex, which seems to take place primarily through the liver (4), proceeds much faster (half time, Ϸ30 min) than that of uncomplexed DBP (half time, Ϸ24 h). However, in patients with multiple trauma or fulminant hepatic failure, the capacity of this system can be exceeded, leading to immediate death (3, 4, 9, 10) .
DBP is a 52-kDa highly expressed and multifunctional serum protein (3) . In addition to its role as part of the actin-scavenger system, DBP is the main protein involved in the transport of vitamin D (11) , hence its name. It is now well established, however, that less than 5% of circulating DBP is actually complexed with vitamin D metabolites, leaving a considerable amount of the protein available for other functions. There also is good evidence connecting DBP with macrophage activation (12) and chemotaxis (3) .
We describe here the crystal structures of DBP by itself and complexed with actin to resolutions of 2.15 and 2.1 Å, respectively. As predicted from sequence analysis, the structures confirm that the three domains of DBP are related to each other and to those of human serum albumin (HSA; ref. 13) . A surprising finding, however, is that the overall three-dimensional organization of the domains is different in DBP. The functional meaning of this finding becomes clear after analysis of the structure of the complex of DBP with actin, where actin is found bound within a large cavity formed by the three domains of DBP. Thus, the structures demonstrate that the overall fold of DBP has adapted to become a very effective actin-binding protein.
Materials and Methods
Crystallization. Actin was prepared and purified from rabbit muscle (14) , and DBP was purchased from Calbiochem. The conditions used for the crystallization of uncomplexed DBP are similar to those reported by Vogelaar et al. (ref. 15 , hanging drops of DBP at Ϸ20 mg⅐ml
Ϫ1
were stabilized at 20°C against a reservoir solution containing 28% polyethylene glycol 200 and 100 mM sodium acetate, pH 4.6). Actin and DBP mixed at a 1.2:1.0 molar ratio and purified on a Superose 12 HR column (running buffer: 100 mM Tris, pH 7.6͞0.6 mM ATP͞0.5 mM ␤-mercaptoethanol͞0.2 mM CaCl 2 ) were concentrated to Ϸ20 mg⅐ml Ϫ1 and crystallized at 4°C in 11% polyethylene glycol 12,000͞200 mM magnesium acetate͞100 mM sodium cacodylate pH 6.6͞20% glycerol. Although these conditions are similar to those of Bogaerts et al. (8) , our crystals belong to a different space group (P2 1 2 1 2 1 ).
Data Collection, Structure Determination, and Refinement. Complete and highly redundant x-ray data sets to 2.1 and 2.15 Å resolution were collected at 100 K at BioCARS beamline 14-BM-C (Advanced Photon Source, Argonne, IL) from crystals of uncomplexed DBP and DBP complexed with actin. Note that although in both cases diffraction was observed to 1.9 Å resolution or better, the data were incomplete to that resolution. All the diffraction data were indexed and scaled with the programs DENZO and SCALEPACK (ref. 16 ; Table 1 ). The structure of the actin-DBP complex was determined first. A molecular replacement solution was found with the program AMORE (17) for the actin portion of the asymmetric unit, using the structure of actin from the DNase I complex (18) as a search model (PDB ID code 1ATN). Note that actin accounts for only Ϸ45% of the total amino acid content of the asymmetric unit. After the first cycle of refinement with the program CNS (19) with all the diffraction data available (R factor ϭ 46.2%, R free ϭ 50.1%), electron density maps were calculated by using partial model phases and phases refined with the program DM (20) . These maps revealed very limited information about the DBP part of the model. However, we were able to add a few poly(Ala) and͞or poly(Ser) fragments taken from the HSA structure (13), which we knew had some structural homology with DBP. Repeated cycles of model building and refinement allowed for the incremental improvement of the electron density maps up to a point where we recognized that a dramatic change had occurred in the domain organization of DBP (compared with that of HSA). At this point we were able to assign a considerable part of the DBP sequence, which was facilitated by the identification of some of the disulfide bridges that characterize DBP and HSA. Refinement of this model resulted in an R factor of 29.5% and R free of 36.3%. At this stage of the refinement the incomplete structure of DBP from the complex was used to determine the structure of uncomplexed DBP by molecular replacement with the program AMORE (17) . Rotation and translation solutions were found for the two molecules of DBP in the asymmetric unit of the P4 3 crystals of uncomplexed DBP. Although from this point on the two structures were refined independently, they were frequently crosschecked to help with model building and validation of the structures. The quality of the final refined structures was validated with the programs PROCHECK (21) and CNS (19) . Table 1 summarizes the data collection and refinement statistics.
Results and Discussion
Structure of Uncomplexed DBP. The 2.15-Å resolution structure of uncomplexed DBP ( Fig. 1 a and b) was determined by molecular replacement from the structure of its complex with actin (see Materials and Methods). Only the first three amino acids from the N terminus, Leu-17-Arg-19, are missing in the structure, whereas the rest of the sequence is well defined in the electron density maps (note that amino acids Met-1-Ala-16 constitute the signal sequence, which is missing in the mature protein). Similar to HSA (13), DBP comprises three homologous ␣-helical domains referred to, from N to C terminus, as domains I, II, and III. Domains I and II can be subdivided further into two structurally related subdomains. However, domain III of DBP is shorter than that of HSA, lacking its C-terminal subdomain. Small rotations at the junctions between subdomains account for most of the differences between domains I and II of DBP (see the legend to Fig. 1 for a more detailed comparison of the various domains). There are two independent molecules of DBP within the asymmetric unit of the crystals. Superimposition of these molecules reveals an Ϸ6°rotation between the N-and Cterminal halves of the molecules relative to a fulcrum located in a loop around residue Pro-316. This difference between the two DBP molecules seems to arise from differences in their crystalpacking environments and suggests that significant rotational freedom among the various subdomains of DBP exists. Rmerge ϭ ¥ ͉I Ϫ ͗I͉͘͞¥ I, where I is the observed intensity of an individual reflection, and ͗I͘ is the mean intensity of that reflection. ‡ Rmerge ϭ ¥ (I Ϫ ͗I͘) 2 ͞¥ I 2 , where I is the observed intensity of an individual reflection, and ͗I͘ is the mean intensity of that reflection. § Rfactor ϭ ¥ ͉Fo Ϫ Fc͉͞¥ ͉Fo͉, where Fo and Fc are observed and calculated structure factors, respectively. Free Rfactor, Rfactor calculated for a subset of the reflections (5%), which were omitted during the refinement and used to monitor its convergence.
An unexpected feature of the structure is that the overall three-dimensional organization of the three domains of DBP is strikingly different from that of its homologue HSA. The differences in orientation and position of the domains of DBP, compared with HSA, arise from bends within the C-terminal ␣-helices of domains I and II and rotations centered at the loops that connect these two domains ( Fig. 1 c and d) . The C-terminal ␣-helix of domain I is bent by Ϸ35°at Leu-206 and twisted at Gly-227 (within the interdomain loop) by Ϸ90° (Fig. 1c) . Similarly, the C-terminal ␣-helix of domain II is slightly bent over its entire length, which together with a rotation of Ϸ90°centered at the loop accounts for a markedly different positioning of domain III (Fig. 1d) . We cannot identify a unique reason explaining the bending of the ␣-helices and twists of the loops. Instead, it seems to be the combination of interactions along the ␣-helices, including interactions with parts of the structure which in HSA are located farther apart, that are optimally responsible for their bending. As discussed below, this unique interdomain organization of DBP is central to its ability to interact with actin.
Limited Structural Changes After Formation of the Actin-DBP Complex. The structure of the actin-DBP complex (Fig. 2 ) was determined and refined to 2.1 Å resolution starting from the molecular replacement solution of the actin portion of the structure (see Materials and Methods). Not included in the final model are a few flexible regions that are poorly defined in the electron density maps, which include actin residues Asp-1-Asp-3, His-40-Asp-51, and Ala-365-Ala-375, DBP residues Gly-107-Ala-125, and the C-terminal Leu-474.
The structure of DBP shows only minor changes after formation of the actin-DBP complex. Superimpositions of the two DBP molecules in the asymmetric unit of the crystals of uncomplexed DBP with that of DBP from the complex result in rms deviations of 1.5 and 1.8 Å for 427 and 410 equivalent C␣ (differing by Յ 4.0 Å), respectively. Regardless of which of the two molecules of uncomplexed DBP is considered, the conformational change after actin binding is nearly the same. DBP seems to ''clamp'' onto actin by narrowing the angle between domain I on one side and domains II and III on the other side by Ϸ5°relative to a hinge at Gly-227. The structure of actin does not change significantly after binding to DBP. Comparison of the C␣ coordinates of the actins from the DNase I (18) and DBP complexes shows an rms deviation of 0.68 Å for 343 equivalent C␣ positions (differing by Յ 4.0 Å). However, we cannot rule out the possibility of a conformational change within the C terminus of actin, which is not seen clearly in this structure. In previous actin structures (18, (22) (23) (24) (25) the C-terminal amino acids Gly-366-Phe-375 form a short ␣-helix after a kink at Gly-366. If a similar conformation of the actin C terminus exists in the actin-DBP complex, the C terminus of actin would have to interact with DBP directly.
In the complex with DBP, actin has Mg 2ϩ ⅐ATP at its nucleotide-binding site. It is striking that in this complex, as well as in the other three complexes of actin studied by protein crystallography [DNase I (18), gelsolin (22) , and profilin (25)], the hydrolysis of ATP is either blocked or slowed down dramatically. This observation may be an indication that during ATP hydrolysis actin undergoes certain conformational transitions that cannot take place when it is bound to the above proteins. Note also that the presence of the intact nucleotide in the actin-DBP structure results in the side chain of the catalytic Ser-14, and hence subdomain 2, being oriented as in the other three ATPactin structures (18, 22, 25) but different from that of ADPbound actin (23) .
It is well known that the polymerization of Mg 2ϩ ⅐ATP-actin occurs faster than that of Ca 2ϩ ⅐ATP-actin (26), which is believed to result from distinctive structural differences brought about by these ions (26, 27) . However, in this structure, which contains Mg 2ϩ bound in the nucleotide site (as compared to Ca 2ϩ in previous actin structures), we do not observe any structural difference that would support this idea. The only change concerns the water coordination of the Mg 2ϩ , which in this structure can be described as a classical nearly octahedral coordination with four water molecules and two O atoms from the nucleotide ␤-and ␥-phosphates at the vertices (as compared with the pentagonal bipyramidal coordination of Ca 2ϩ , which involves an additional water molecule). Therefore, other factors such as differences in ATPase activity (26) may account for the different polymerization rates of Mg 2ϩ ⅐ATP-actin and Ca 2ϩ ⅐ATP-actin.
Intermolecular Interface of the Actin-DBP Complex. Actin binds into a large cavity formed by the three domains of DBP (Figs. 2-4).
Contacts with DBP involve actin subdomain 3 and to a lesser extent subdomain 1 ( Fig. 2 a and b) . The three domains of DBP engulf approximately one half of the surface area of actin subdomain 3, making extensive contacts on both sides of this subdomain (Fig. 4) . The area covered by DBP on actin approximately corresponds to the sum of the areas covered by gelsolin domain 1 (22) and profilin (25) within their respective complexes with actin. Indeed, gelsolin domain 1 and profilin also bind to actin subdomains 1 and 3 but do so on nearly opposite sides of actin such that there is only limited overlap between their respective binding interfaces. The analogy with DBP is even greater in the case of gelsolin. That is, comparison of the actin-gelsolin and actin-DBP complexes, based on a superimposition of the C␣ coordinates of the actins from the two structures, reveals an equivalence of the ␣-helical segments Ser-194-Lys-207 of DBP and Gln-71-Leu-84 of gelsolin domain 1 (22) . Although there is no significant sequence similarity between these two superimposable ␣-helical segments, the nature of their interactions with actin is, in both cases, hydrophobic (Fig. 3) . This interaction is, on the other hand, the only contact between DBP and actin that bares any structural similarity with a previously studied actin complex (18, 22, 24, 25) . Notice that DBP residues Ser-194-Lys-207 are contained within the Cterminal helix of domain I, which is bent at Leu-206 (Fig. 1c) . Full-length gelsolin comprises six homologous domains. In a different crystal structure, that of actin complexed with gelsolin domains 4-6 (24), an equivalent ␣-helix of gelsolin domain 4 (residues Glu-473-Leu-486) makes similar interactions with actin. In all three structures, hydrophobic residues from the helices interact with a patch of hydrophobic residues on the actin surface (Tyr-143, Thr-148, Ile-345, Leu-346, Leu-349, Phe-352, and Met-355). DBP is not generally recognized as an actin filament-binding protein but rather as a monomer-trapping molecule (7). To investigate this point further, the actin-DBP complex was superimposed onto the actin-filament model (28, 29) . In that model, two parallel strands of head-to-tail-bound actin monomers are shifted along the filament axis by half a monomer length. As a result, at the so-called barbed end of the filament subdomains 1 and 3 of the first actin monomer of one of the strands are more exposed than the other. Thus, although the structure of gelsolin fragment 1 can be fit onto the first monomer of either of the filament strands, those of DBP and profilin can be added only onto the first monomer of the downward-shifted strand, but steric hindrance would prevent them from binding to the first monomer of the other, upward-shifted, strand. Although the region of DBP that interacts with actin at the profilin site does not share structural similarity with profilin, their sharing of this site may underline their monomer-binding preferences (30) . Therefore, our analysis seems to suggest that similar to profilin, DBP potentially could bind to the most exposed actin monomer at the barbed end of the filament.
The contacts between actin and DBP are a combination of hydrophobic and electrostatic interactions including direct hydrogen bonds (a total of 10), two salt bridges (connecting actin residues Asp-288 and Lys-328 and DBP residues Arg-218 and Glu-143, respectively), and a large number of contacts mediated by solvent molecules (Fig. 2c) . Although there are five amino acid segments of the two proteins that participate in the contacting interface, it is actin residues Tyr-279-Asn-296 and DBP residues Thr-196-Arg-218 that account for the largest number of interactions. The total area of the binding interface between the two proteins is 3,454 Å The architecture of DBP is such that after formation of its complex with actin, the C-terminal ␣-helix of domain I and the loop connecting domains II and III are brought into direct contact with actin. As discussed above, these two regions of DBP differ dramatically from their HSA counterparts ( Fig. 1 c and d) , suggesting an evolutionary relationship between the domain organization of DBP and its unique actin-binding properties.
In summary, the structures of uncomplexed DBP and that of its complex with actin described here demonstrate how a divergent three-dimensional organization of the three domains of DBP, relative to its homologue HSA, give rise to an extremely efficient actin-binding fold. The fact that both DBP and actin undergo only minor changes after complex formation indicates that DBP in the bloodstream is ''primed'' for actin binding. It has been proposed, however, that the rapid clearance of the actin-DBP complex from circulation is caused by a conformational change in DBP induced by actin binding (33) . Our results do not support this view but instead would indicate that it is the complex itself that is recognized for clearance. The structure of DBP complexed with a vitamin D metabolite has been reported very recently (34) . In agreement with a study that used limited proteolysis to identify the sterol-binding site (35) , Verboven et al. localize this site to the N terminus of DBP (34) . Such a location is distal to the actin-binding interface identified in this work, which provides a structural understanding of previous reports that the sterol-binding and actin-binding properties of DBP are independent (35) (36) (37) (38) . It also seems reasonable to propose that the large structural differences between DBP and HSA are directed toward its actin-binding function, which involves specific interactions with all three domains of DBP and not toward its sterol-binding property, which is confined to the first four ␣-helices of DBP. As revealed in this work, the actin-binding interface of DBP can be viewed approximately as the sum of the areas covered by profilin (25) and gelsolin fragment 1 (22) . Moreover, some specific hydrophobic interactions of DBP mimic interactions seen in the actin-gelsolin complex. This feature may explain the ability of DBP to compete effectively with gelsolin for the binding of monomeric actin (39) , which may help free gelsolin for further filament severing while allowing DBP to eliminate actin monomers from circulation.
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